TP53 is the most frequently mutated gene in human malignancies; however, de novo somatic mutations in childhood embryonal cancers such as neuroblastoma are rare. We report on the analysis of three independent case-control cohorts comprising 10 290 individuals and demonstrate that rs78378222 and rs35850753, rare germline variants in linkage disequilibrium that map to the 3´ untranslated region (UTR) of TP53 and 5´ UTR of the Δ133 isoform of TP53, respectively, are robustly associated with neuroblastoma (rs35850753: odds ratio [OR] = 2.7, 95% confidence interval [CI] = 2.0 to 3.6, P combined = 3.43 × 10 −12 ; rs78378222: OR = 2.3, 95% CI = 1.8 to 2.9, P combined = 2.03 × 10 −11 ). All statistical tests were two-sided. These findings add neuroblastoma to the complex repertoire of human cancers influenced by the rs78378222 hypomorphic allele, which impairs proper termination and polyadenylation of TP53 transcripts. Future studies using whole-genome sequencing data are likely to reveal additional rare variants with large effect sizes contributing to neuroblastoma tumorigenesis.
TP53 is the most frequently mutated gene in human malignancies; however, de novo somatic mutations in childhood embryonal cancers such as neuroblastoma are rare. We report on the analysis of three independent case-control cohorts comprising 10 290 individuals and demonstrate that rs78378222 and rs35850753, rare germline variants in linkage disequilibrium that map to the 3´ untranslated region (UTR) of TP53 and 5´ UTR of the Δ133 isoform of TP53, respectively, are robustly associated with neuroblastoma (rs35850753: odds ratio [ ; rs78378222: OR = 2.3, 95% CI = 1.8 to 2.9, P combined = 2.03 × 10 −11 ). All statistical tests were two-sided. These findings add neuroblastoma to the complex repertoire of human cancers influenced by the rs78378222 hypomorphic allele, which impairs proper termination and polyadenylation of TP53 transcripts. Future studies using whole-genome sequencing data are likely to reveal additional rare variants with large effect sizes contributing to neuroblastoma tumorigenesis. Neuroblastoma is a cancer of the developing sympathetic nervous system that accounts for approximately 10% of all pediatric oncology deaths (1). Familial neuroblastoma is rare (approximately 1%), and most of these cases harbor germline mutations in ALK (2) or PHOX2B (3, 4) . Through a genome-wide association study of sporadic neuroblastoma, we have reported common single nucleotide polymorphisms (SNPs) within or upstream of CASC15 (5) and FLJ44180 (5), BARD1 (6), LMO1 (7), DUSP12 (8), HSD17B12 (8) , DDX4/IL31RA (8) , HACE1 (9) , and LIN28B (9), along with a common copy number variation within NBPF23 (10), as each being highly associated with neuroblastoma. Collectively, however, these variants still account for only a small portion of the risk for developing neuroblastoma. Recent next-generation sequencing studies of paired tumor-normal genomes in neuroblastoma have revealed a striking paucity of somatic mutations (11) (12) (13) (14) ; we hypothesized that rare variants in the host genome play an important role in tumorigenesis and explain a substantial proportion of the unidentified heritability in this disease.
Disruption or malfunction of the p53 pathway is a near-universal hallmark of cancer (15) (16) (17) . Germline mutations in TP53 are the cause of Li-Fraumeni syndrome, and individuals who carry these mutations are at increased risk of developing a wide array of cancers at an early age (18) . Recently, a rare polymorphism (rs78378222) in the 3΄ UTR of TP53 was found to confer susceptibility to cutaneous basal cell carcinoma, prostate cancer, glioma, and colorectal adenomas, but not melanoma, colon cancer, or breast cancer (19) . Somatic mutations of TP53 or other pathway members, such as MDM2, are rare in primary neuroblastomas obtained at diagnosis (14) .
To identify germline variants associated with neuroblastoma at the TP53 locus, we performed genotype imputation on a discovery case series of 2101 neuroblastoma patients accrued and consented through the North American-based Children's Oncology Group and 4202 control subjects of European ancestry matched genetically and consented through the Children's Hospital of Philadelphia, as described previously (9) . The Ethics Committee at the Children's Hospital of Philadelphia approved this study. All statistical tests were two-sided, and a P value less than 1.0 × 10 −7 was considered statistically significant for subsequent replication efforts. Imputation was performed using IMPUTE2 (20) with default parameters and Ne equal to 20 000, along with a multipopulation reference panel from the worldwide 1000 Genomes Project Phase 1 Interim release. After imputation, SNPs with minor allele frequency (MAF) less than 1% and/or IMPUTE2 info quality score less than 0.8 were removed. The remaining SNPs were tested for association with neuroblastoma using the frequentist association test under the additive model using the "score" method implemented in SNPTEST (21) . Although analysis of SNPs directly genotyped on the array revealed only modest evidence for association in the TP53 region (rs8079544: odds ratio [OR] = 1.3; 95% confidence interval [CI] = 1.2 to 1.6; P = 7.2 × 10 −4 ) (Supplementary Table 1 , available online), two imputed SNPs were highly associated with neuroblastoma (rs35850753: OR = 1.9, 95% CI = 1.5 to 2.3, P = 5.6 × 10 −9
; rs78378222: OR = 2.0, 95% CI = 1.6 to 2.7, P = 1.1 × 10 −8 ) ( Figure 1A ). Imputation probabilities for rs35850753 and rs78378222 were very high (Supplementary Figure 1, available online) . To further confirm the accuracy of imputation, we performed polymerase chain reaction (PCR)-based genotyping on 176 case patients and compared these results to the most probable genotype based on imputation. We observed a 96% concordance rate overall (Supplementary Tables 2 and 3 , available online).
The two neuroblastoma-associated SNPs map to UTRs of TP53 and are rare (MAF for rs35850753: 3.6% case patients, 1.9% control subjects; rs78378222: 2.7% case patients, 1.3% control subjects). The most statistically significant SNP, rs35850753, maps to the 5΄ UTR of the Δ133 isoform of TP53, which is transcribed BRief CommuNiCatioN by an alternative promoter, and lacks a trans activation domain ( Figure 1B ). This isoform has been shown to have a dominant negative effect whereby it inhibits the tumor suppressive functions of full-length TP53 (22) . The other SNP, rs78378222, maps to the 3΄ UTR of TP53 and is the same rare variant found by Stacey and colleagues to confer susceptibility to several other cancers (19) . It was further demonstrated that this rare allele disrupts the TP53 polyadenylation signal (AATA[A/C]A) resulting in impaired 3′-end processing of TP53 transcripts in blood and adipose tissue (19) . We analyzed total RNA from two rs78378222 heterozygous primary neuroblastomas and observed a preference for the wild-type/protective allele in properly terminated and polyadenylated transcripts, whereas improperly terminated "run-on" transcripts were detected almost exclusively from the variant/risk allele (Supplementary Figure 2 , available online). Based on data from the 1000 Genomes Phase I European population, rs35850753 and rs78378222 are in linkage disequilibrium (r 2 = 0.52 D΄ = 1). Accordingly, rs35850753 was no Discovery of rare variants within TP53 associated with neuroblastoma. A) Regional association plot of genotyped and imputed single nucleotide polymorphisms (SNPs) at the TP53 locus in a discovery cohort of 2101 case patients and 4202 control subjects of European ancestry. Plot was generated using LocusZoom (25) . Y-axes represent the statistical significance of association (-log 10 transformed P values) and the recombination rate. SNPs are color-coded based on pairwise linkage disequilibrium (r 2 ) with most statistically significant SNP. Most statistically significant SNPs are labeled with P value, and most statistically significant SNP is shown in purple. Allelic P values generated by SNPTEST using score method (two-sided). B) Neuroblastomaassociated SNPs map to the 3΄ untranslated region (UTR) of TP53 and 5΄ UTR of the Δ133 isoform of TP53, respectively. The 2.3 (1.8 to 2.9) * A1, allele, on forward strand; A2: allele 2, on forward strand; CI, confidence interval; OR, odds ratio with respect to A1; SNP, single nucleotide polymorophism. † No deviations from Hardy-Weinberg equilibrium were observed (P > .001) in all cohorts. ‡ Allelic P values generated by SNPTEST score method (two-sided); combined P values from METAL using inverse-variance method (two-sided).
longer statistically significant after conditioning on the known functional SNP, rs78378222 (P = 0.07). Neither variant was associated with clinical or biological covariables (Supplementary Table 4 Figure 3 and Supplementary Table 5 , available online).
We next sought to replicate the rs35850753 and rs78378222 associations in an African ancestry cohort of 365 neuroblastoma case patients and 2491 genetically matched control subjects (9) . We used IMPUTE2 (20) to infer genotypes in a 6-Kb region around the TP53 locus using data from the 1000 Genomes Project. Similar to the European ancestry samples, imputation probabilities were very high in individuals of African ancestry (Supplementary Figure 4 , available online). Using the proportion of African admixture as a covariable to correct for varying degrees of admixture among our samples, we observed highly statistically significant associations at both SNPs (Table 1) . Indeed, these were the two most statistically significant SNPs within the 6-Kb region surrounding TP53 (Supplementary Figure 5, available online) .
Finally, we performed PCR-based genotyping of rs35850753 and rs78378222 in an Italian cohort of 351 neuroblastoma case patients and 780 control subjects as another independent replication effort. Both SNPs showed statistically significant association in the same direction seen in the European and African ancestry samples (Table 1) . Meta-analysis of 10 290 individuals from the three studies using the inverse-variance method within METAL (24) resulted in highly statistically significant associations with larger effect sizes than seen for common variants identified by genome-wide association studies (rs35850753: OR = 2.7, 95% CI = 2.0 to 3.6, P = 3.43 × 10 −12 ; rs78378222: OR = 2.3, 95% CI = 1.8 to 2.9, P = 2.03 × 10 −11 ) ( Table 1) . We have used imputation to infer genotypes for variants in the 1000 Genomes Project not directly assayed on the SNP arrays used. It is possible that additional rare variants within or nearby TP53 are associated with neuroblastoma, but were not detected in our study because of limitations in the imputation process.
In conclusion, here we describe the first report of rare germline variation associated with neuroblastoma susceptibility. Our findings add to the complex repertoire of human cancers influenced by the rs78378222 hypomorphic allele, which impairs proper termination and polyadenylation of TP53 transcripts. Future studies using whole-genome sequencing data are likely to reveal additional rare variants contributing to neuroblastoma tumorigenesis.
